The overall survival rate of patients with osteosarcoma has remained stagnant at 15-30% for several decades. Although immunotherapy has revolutionized the oncology field, largely attributed to the success of immunecheckpoint blockade, the durability and efficacy of anti-PD1 (programmed cell death protein 1) mAb vary across different malignancies. Among the major reasons for tumor resistance to this immune checkpoint therapy is the absence of tumor-infiltrating cytotoxic T lymphocytes. However, the presence of intratumor exhausted PD1 hi T cells also contributes to insensitivity to anti-PD1 treatment. In this study, we established the osteosarcoma mouse tumor model resistant to anti-PD1 mAb that harbored PD1 hi T cells. Furthermore, flow cytometry analysis of tumor infiltrating leukocytes after treatment was used as a screening platform to identify agents that could resensitize T cells to anti-PD1 mAb. Results showed that anti-CD40 mAb treatment converted PD1 hi T cells to PD1 lo T cells, reversing phenotypic T cell exhaustion and sensitizing anti-PD1 refractory tumors to respond to anti-PD1 mAb. Results also showed that intratumor Treg presented with a less activated and attenuated suppressive phenotype after anti-CD40 mAb treatment. Our study provides proof of concept to systematically identify immune conditioning agents, which are able to convert PD1 hi T cells to PD1 lo T cells, with clinical implications in the treatment against refractory osteosarcoma to anti-PD1 mAb.
Introduction
As a highly malignant and the second most common bone-associated tumor in children and young adults, osteosarcoma is involving accumulation of multiple genetic and epigenetic abnormalities. The current clinical treatment still largely depends on the drugs initiated in the early 1980s with a dismal five-year survival rate of less than 20% [1] [2] [3] . Therefore, more efforts have to be made not only by discovering new agents with advanced specificity, but also by developing combined treatment approaches with enhanced efficacy [4] .
Immune checkpoint inhibitors targeting cytotoxic T lymphocyteassociated protein 4 (CTLA4) and programmed cell death protein 1 (PD1) demonstrated durable clinical responses in various cancers including non-small cell lung cancer and melanoma, through disinhibiting the immune system. However, the durability and efficacy of anti-PD1 mAbs (nivolumab or pembrolizumab) varies [5] [6] [7] , correlating with presence of neoantigens or levels of mutational burden in cancer [8] [9] [10] . The lack of tumor-infiltrating CD8 + T cells has been considered as one of the major reasons to lead to tumor resistance to anti-PD1 treatment [11] . Therefore, huge effort is needed to increase intratumor CD8 + T cells with different approaches to enhance the therapeutic efficacy of anti-PD1 treatment.
In tumor models infiltrated by PD1 lo CD8 + T cells, anti-PD1 mAb showed good therapeutic effects. In contrast, PD1 hi CD8 + T cells is considered as a resistance biomarker to anti-PD1 treatment [12] . Interestingly, exhaustion of intratumor PD1 hi CD8 + T cells was reversed to a PD1 lo phenotype when regulatory T cells (Treg) were depleted conditionally [12, 13] . Unfortunately, although complete depletion of Treg can be performed by genetically modification in mouse models, it is limited in the clinic. Therefore, alternate strategies were explored to modulate levels of PD1 expression on T cells and then reverse the exhaustion state.
In this study, the osteosarcoma tumor model harboring PD1 hi intratumor T cells was used and an agonistic anti-CD40 mAb was found to rapidly decrease PD1 expression on T cells. The reversal of T cell exhaustion was companied with significant increases in proliferative capacities of T cells and cytokine-production, as well as reactivated T cell phenotype, rendering resistant tumor cells sensitive to anti-PD1 treatment.
Materials and methods

Tumor cell line
The murine osteosarcoma K7M2 cell line was purchased from American Type Culture Collection. A master cell bank was expanded upon arrival. Cells were cultured in RPM-I1640 supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin-streptomycin in a humidified incubator at 37°C with 5% CO 2 .
Mice
Female 6-week-old Balb/c mice were purchased from Vital River Ltd. (Beijing, China) and housed under specific pathogen-free condition. All animal studies were conducted according to Chinese animal care guidelines under an approved Institutional Animal Care and Use Committee protocol from Jilin University.
Reagents
Anti-CTLA4 mAb, anti-PD1 mAb, anti-mouse CD40 mAb and control IgG were purchased from BioXcell. All antibodies were used intraperitoneally at the dose as indicated.
Mouse tumor model and treatment
Tumor model was established by subcutaneously injecting 4 × 10 5 K7M2 cells into the right flank of Balb/c mice. Tumor volume was measured using a digital caliper. Once tumor volume reached 50-100 mm 3 , tumor-bearing mice were divided for different treatment (5 mice per group). Study would be terminated when tumor volume reached 1500 mm 3 . For flow cytometry analysis of immune cells in tumor tissues, tumor-bearing mice (400-600 mm 3 ) were treated and tumor tissues were harvested 48 to 72 hrs post treatment.
Flow cytometric analysis of immune populations
Tumor tissue was removed and cut into small fragments. Single tumor cell suspension was obtained by digestion with tumor disassociation kit (Miltenyi Biotec, USA) at 37°C and then filtering through 70 µm cell strainers. Mononuclear cells were enriched by a two-level percoll gradient. Following a wash with PBS, cells were Fig. 1 . Anti-CTLA4 treatment decreased PD1 expression on intratumor T cells. K7M2 tumorbearing mice were treated with IgG (250 µg), anti-CTLA4 (200 µg), anti-PD1 (250 µg), or a combination of anti-CTLA4+anti-PD1 mAbs on days 10, 14, and 18. (a) On day 21, mice were sacrificed and tumor weights were recorded; (b) Frequencies of Foxp3 + of CD4 + T cells between control and anti-CTLA4 mAb treatment; (c) Intratumor CD8/Treg ratio was shown; (D) Representative overlaid PD1 histogram plots of CD4 + and CD8 + T cells; (e) PD-L1 MFI of indicated cell subsets was shown. Data were expressed as median ± interquartile (n = 10). *p < 0.05; **p < 0.01. stained with Aqua Live/Dead stain and fluoro-conjugated antibodies specific to cell surface markers (BioLegend). After fixation-permeabilization, cells were stained with fluorochrome labeled antibodies specific to intracellular markers (BioLegend) or with the isotype controls. BD LSRFortessa was sued for cell acquisition and data analysis was carried out using the FlowJo software.
Statistical analysis
Data were analyzed with SPSS 12.0 software (SPSS Inc., Chicago, IL, USA). Measurement data among groups were compared using one-way analysis of variance followed by Dunnett's t-test. A two-tailed p < 0.05 was considered as statistically significant.
Results
Anti-CD40 mAb treatment regulated PD1 expression on T cells
Systemic deletion of Treg rescued exhausted CD8 + T cells and increased the therapeutic efficacy of checkpoint blockade in cancer settings [12, 14] . In this study, we also found anti-CTLA4 treatment exerted Treg-depleting activity and furthermore down-regulated PD1 expression on T cells, resulting in an anti-PD1 resistant PD1 hi phenotype to a sensitive PD1 lo phenotype, and resultantly improved tumor control. Changes of PD1 expression on T cells caused a further increase in the ratio of intratumor CD8/Treg in tumor-bearing mice treated with anti-PD1 and anti-CTLA4 mAb. Different to the decreased PD1 expression on T cells, expression of PD-L1 increased significantly on myeloid cells and T cells in tumor tissues ( Fig. 1 ). Therefore, other immunebased targets were then identified to sensitize tumor with PD1 hi T cells to anti-PD1 treatment. Our data showed that the agonistic anti-CD40 mAb effectively lowered the expression of PD1 on T cells in tumor tissues in a dose-dependent manner. Not surprisingly, expression of PD-L1 increased on myeloid cells and intratumor T cells. Tumor-bearing mice were treated by anti-CD40 mAb with a single dose before the anti-PD1 treatment to confirm its immune conditioning effect. Results showed single dose of anti-CD40 mAb significantly suppressed tumor growth and enhanced the therapeutic efficacy of anti-PD1 treatment (Fig. 2 ).
Anti-CD40 mAb treatment changed intratumor T cell phenotype
Comparing to effector T cells, exhausted T cells with CD8 + PD1 hi phenotype are characterized by progressive functional loss of effectors and different transcription factor expression [15] . After anti-CD40 mAb treatment, Ki67-, granzyme B-, and IFNγ-expressing T cells increased, however, frequency of T cells expressing TNF did not change. Consistent with Tbet:Eomes transcriptional profile of PD1 hi (Tbet lo Eomes hi ) and PD1 lo (Tbet hi Eomes lo ) CD8 + T cells, Tbet expression increased, but Eomes decreased in intratumor CD8 + T cells isolated from tumor- Fig. 2 . Anti-CD40 mAb reduced PD1 expression on intratumor T cell. K7M2 tumor-bearing mice were treated with the indicated antibodies or inhibitors, and tumors were harvested 3 days after treatments for flow cytometric analyses. (a) PD1 MFI of CD8 + T cells was shown; (b) Anti-CD40 mAb lowered PD1 expression on intratumor T cells in a dose-dependent manner; (c) PD-L1 MFI of indicated cell subsets was shown; (d) K7M2 tumorbearing mice were treated with 100 µg of IgG or anti-CD40 mAb (Day 7), two days before the commencement of 250 µg of IgG or anti-PD1 mAb. IgG or anti-PD1 mAb was administered every four days for a total of 4 doses (Days 9, 13, 17, and 21). Tumor size was presented as mean ± SD.
Data were expressed as median ± interquartile (n = 10) for scatter plot. *p < 0.05; **p < 0.01. bearing mice treated with anti-CD40 mAb. Induction of Tbet after anti-CD40 mAb treatment was also observed in intratumor CD4 + T cells, but levels of Eomes did not change. An increase of T cells expressing CD25 + and ICOS was found in tumor tissues after anti-CD40 mAb treatment. Furthermore, an upregulation of CD127 was found in these intratumor CD4 + T cells (Fig. 3 ). Our results indicated anti-CD40 mAb treatment significantly induced transcriptional changes to T cells in tumor tissues, accompanied by an increase in their capacities of proliferation, cytotoxicity, and cytokine-production.
Anti-CD40 mAb treatment altered immune checkpoint receptor expression
Exhausted T cells are characterized with expression of multiple checkpoint receptors [16] . Therefore expression of other T cell inhibitory receptors and exhaustion-related markers were examined after anti-CD40 mAb treatment. Results showed anti-CD40 mAb treatment changed the expression of TIGIT, Tim3, Lag3 and CD39 on CD4 + T cells, but no significant changes for CD73 expression on CD4 + T cells. Lower TIGIT expression was measured on TIGIT + CD4 + T cells. In contrast, higher CD39 expression was displayed on CD39 + CD4 + T cells after anti-CD40 mAb therapy. Just like CD4 + T cells, anti-CD40 mAb treatment also upregulated expression of CD39, Lag3 and CD73 on CD8 + T cells. However, anti-CD40 mAb treatment did not significantly change TIGIT + CD8 + or Tim3 + T cells (Fig. 4) . Our data demonstrated anti-CD40 mAb treatment initiated differential regulatory effects for multiple immune receptors on exhausted T cells in tumor tissues.
Anti-CD40 mAb treatment attenuated Treg suppressive phenotype
Treg depletion with anti-CTLA4 mAb could lower the expression of PD1 on CD8 + T cells. The upregulation of CD127, CD25, and ICOS on CD4 + T cells implied the potential modulation of CTLA4 and/or Treg in responding to anti-CD40 mAb treatment [17, 18] . An increase was observed in the proportion of CD8 + T cells and the ratio of CD8/Treg, but decreased Treg (CD4 + Foxp3 + ). We then explored whether intratumor Treg was rendered attenuated suppressor functions after anti-CD40 mAb treatment. Results demonstrated expression levels of PD1 and CTLA4 decreased on intratumor Treg isolated from tumor-bearing mice treated with anti-CD40 mAb, indicating Treg with less suppressive effects. On the other way, the proportion of CD4 + Foxp3 − T cells expressing CTLA4 significantly increased and no obvious changes for CD8 + T cells expressing CTLA4 after anti-CD40 mAb treatment (Fig. 5) . These data indicated anti-CD40 mAb therapy primed tumor microenvironment with less suppressive effects for anti-PD1 treatment.
Discussion
Osteosarcoma is currently treated with combination therapy including surgery, chemotherapy and radiation therapy. However, the efficacy of chemotherapy has reached a plateau with more than 40% of patients ultimately relapsing or developing metastasis [19, 20] . Moreover, few treatment options are available when traditional therapy fails. Therefore, to search for effective and novel therapies is of utmost importance. Immunotherapy has revolutionized the treatment of cancer. Restoring the anti-tumor function of T cells via immune checkpoint blockade has led to a breakthrough in solid tumors [21, 22] .
The durable response rate of patients with solid tumors to immune checkpoint blockade is still modest, largely because of tumor-mediated immunosuppression [23] . Comparing to nivolumab alone, combining treatment with nivolumab and ipilimumab was in correlation with a better survival profile in patients with negative PD-L1 staining [24] . However, immunohistochemistry staining of PD1 on T cells in tumor tissues could not distinguish T cells with PD1 hi and PD1 lo profile, therefore the high positivity of PD-L1 staining might reflect a PD-L1 hi and T-cell PD1 lo tumor microenvironment. The inverse correlation of Tcell PD1 status to PD-L1 expression (PD1 lo and PD-L1 hi ; PD1 hi and PD-L1 lo ) in the tumor microenvironment was also confirmed [12] . Although this PD1/PD-L1-modulating effects were driven by the Tregdepleting activity of anti-CTLA4 mAb, it has not been proven in the clinic. In our tumor model, a reduction of intratumor Treg was observed, likely mimicking the activity of anti-CTLA4 mAb. Therefore, as a CTLA4-blockade, the immune modulating effects of ipilimumab is likely beneficial in improving the therapeutic efficacy of anti-PD1 mAb treatment [25] . Thereafter, it is important to identify targets lowering PD1 expression on tumor-infiltrating T-cells because it will enable the synergistic effects with PD1 inhibitors, demonstrated by the effects of anti-PD1 and anti-CD40 mAbs in osteosarcoma tumor-bearing mice. Furthermore, results showed a single treatment with anti-CD40 mAb could prime a profound anti-tumor effect. Therefore, it is interesting to identify factors, other than T cell proportion and the PD1 status, which determine synergistic effects of anti-PD1 and anti-CD40 mAbs in controlling tumor growth.
Many inhibitory receptors, including CTLA4 and PD1, express on exhausted CD8 + T cells, which regulate the proliferation, cytotoxicity, and cytokine-production of these T cells to eliminate tumor cells. Although PD1/PD-L1 blockade could partly reinvigorate functions of effector T cell, only CD8 + T cells expressing PD1 lo together with a transcriptional profile of Tbet hi Eomes lo could respond to this treatment [26] . The transition from PD1 hi to PD1 lo expression on CD8 + T cells in tumor-bearing mice treated with anti-CD40 mAb, together with changes of function, resulted in a reversion of exhausted T cells and the following anti-tumor activity rendered by anti-PD1 mAb treatment. Anti-CD40 mAb treatment selectively increased expression of CD39, CD73 and Lag3, but not TIGIT or Tim3 expression on CD8 + T cells, together with the increased expression of PD-L1, implying that these expression changes of inhibitory receptors are likely a therapy-induced adaptive resistance [27] . Anti-CD40 treatment induced co-stimulatory ligands on intratumor myeloid cells, however, activated signaling of CD80/CD86/CD28 or CD70/CD27 did not directly down-regulate expression of PD1 on T cells. Although anti-CD27 mAb reduced PD1 expression on intratumor Foxp3 + Treg and CD8 + T cells in melanoma tumors [28] , such changes were not observed in our study, likely because of the different analysis time (early response versus late response). Our results did not exclude the potential activity of anti-CD40 mAb in activating tumoricidal macrophages, in driving this PD1 modulatory effects when anti-PD1 mAb is used. Our results also did not exclude the importance of anti-CD40 mAb-driven costimulatory signals to support the expansion of effector T cells [29] . Although anti-CD40 mAb treatment did not significantly delete intratumor Treg, these Treg displayed less suppressive phenotype. These Treg changes could be driven by the induction of Tbet, resulting from the interaction between Treg and antigen presenting cells.
Given the efficacy in patients with melanoma, it is particularly exciting for the development of immune checkpoint inhibitors to treat cancer [30] [31] [32] [33] . However, only a subset of patients exhibit durable responses. Therefore, it is in great need to better understand PD1 biology to prolong its therapeutic efficacy and broaden it to other malignancies [30, 34] . Using tumor harbouring PD1 hi T cells as a biomarker of therapeutic resistance to anti-PD1 mAb, multiple immune conditioning agents have been identified to render T cells from insensitive to sensitive upon the anti-PD1 treatment. By assessing the conversion of PD1 hi to PD1 lo , our work is not limited to immune-based therapeutic agents, but able to be expanded to screen radiotherapy, epigenetic modulators, chemotherapeutic agents and small molecules, which might potentiate the anti-tumor response to anti-PD1 mAb in a previously refractory tumor. Our results provided a scientific rationale to improve the efficacy of immune checkpoint inhibitors in clinic against osteosarcoma. Fig. 5 . Anti-CD40 mAb induced intratumor Treg with an attenuated suppressive phenotype. K7M2 tumor-bearing mice were treated with IgG or anti-CD40 mAb, and tumors were harvested 3 days after treatments for flow cytometric analyses. (a) Frequencies of CD8 + T cells and Treg (CD4 + Foxp3 + ), and CD8/ Treg ratio were shown; (b) Frequencies of CTLA4 + in Treg, CD4 + Foxp3 − and CD8 + T cells, and MFIs of PD1 in Treg and CD4 + Foxp3 − were shown. Data were expressed as median ± interquartile (n = 10) for scatter plot. *p < 0.05; **p < 0.01.
